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Abstract
We present an investigation of the structure of 13Be obtained via a kinematically complete measurement of the (p, pn) reaction in
inverse kinematics at 265 MeV/nucleon. The relative energy spectrum of 13Be is compared to Transfer-to-the-Continuum calcula-
tions which use as structure inputs the overlaps of the 14Be ground-state wave function, computed in a three-body model, with the
unbound states of the 13Be residual nucleus. The key role of neutron p-wave orbital in the interpretation of the low-relative-energy
part of the spectrum is discussed.
Keywords: quasi-free scattering, Borromean nuclei, three-body model, resonances
1. Introduction
Light nuclei at the neutron dripline display exotic proper-
ties connected to the large spatial distribution of weakly bound
valence neutrons, such as halo and clustering. A special class
of halo nuclei are two-neutron halo nuclei like 6He, 11Li and
14Be, known as Borromean nuclei, since they can be described
as a three-body system without any bound two-body subsys-
tem. They provide a good environment to study dineutron cor-
relations which are expected to be a key element in their stabi-
lization [1]. Different methods have been advocated and used
to probe the properties of Borromean nuclei, such as Coulomb
∗Corresponding author
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dissociation [2, 3], dineutron decay [4], and quasi-free scatter-
ing reactions [5]. As mentioned, the subsystems constituted of
one neutron and the remaining fragment (5He, 10Li, 13Be) are
unbound and their continuum exhibit a resonant structure.
In this paper we present a study of the spectroscopy of the
unbound 13Be nucleus obtained by measuring the invariant mass
of the 12Be-neutron system resulting from the decay of the 13Be
system produced via the quasi-free scattering reaction 14Be(p,pn).
The unbound nature of 13Be was suggested more than 30 years
ago [6, 7], and confirmed in 1973 [8]. Several experiments
have attempted to study the spectroscopy of 13Be both via miss-
ing mass and invariant mass technique using charge exchange
[9], fragmentation [10], proton removal from 14B [11–13] and
neutron removal from 14Be [14–17]. The missing mass tech-
nique offers the advantage of yielding the absolute energy above
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the one-neutron decay threshold, and typically allows to ex-
plore a larger range in excitation energy above the two-neutron
separation threshold. Using this method, resonances at ∼2, 5,
7, and 10 MeV were observed in Ref. [18], and at 1.22(10),
2.10(16), 4.14(12), 5.09(14), and 7.0(2) MeV in [19]. Invariant
mass spectra from different experiments display a peak at about
0.5 MeV above the 12Be+neutron threshold, and a broader struc-
ture around 2 MeV. As already discussed in Ref. [20], the spec-
tral shape strongly differs depending on the production mecha-
nism, namely if 13Be is produced starting from 14Be [14–17] or
14B [11–13]. Even limiting ourselves to the first case, the mech-
anism adopted in this work, different interpretations of the rel-
ative energy spectrum have been provided. Ref. [15] interprets
the low lying peak as a 1/2− (`=1) intruder state that appears due
to the quenching of the N=8 spin-orbit shell gap, and the struc-
ture around 2 MeV as a 5/2+ (`=2) state. This interpretation is
based on the analysis of the transverse momentum distribution
using s, p and d waves, corroborated by shell-model calcula-
tions, and is in agreement with predictions by [21]. Ref. [17]
makes a synthesis of existing experimental results, with special
emphasis on those obtained from proton-induced one-neutron
removal [15]. Nevertheless, the analysis of the transverse mo-
mentum distribution performed in Ref. [17] yields quite differ-
ent conclusions with respect to Ref. [15]: a much stronger d-
wave component (dominant above 2.6 MeV), and a dominance
of s-wave (80(10)%) around 0.5 MeV, instead of p-wave.
This diversity and sometimes inconsistency in the positions
and spin assignment of the states of 13Be indicate that the stan-
dard fitting procedures used for the analysis of these spectra
may be lacking some constraints on the possible structures due
to the complexity of 13Be spectrum. As such, in this work we
study the 14Be(p, pn) reaction using a novel method, proposed
in [22], which uses consistent two- and three-body models for
14Be and 13Be and is able to provide predictions for the posi-
tions and weights of the structures of the spectrum, thus reduc-
ing the ambiguities in the analysis.
Part of the complexity of the 13Be continuum spectrum stems
from the admixtures of single-particle structures with core-excited
components. In fact, core excitation has been postulated as a
key element to understand the formation of Borromean sys-
tems [23, 24], but it is very difficult to pin down. The level
scheme of 12Be is well established. A strong excitation of the
12Be(2+) state in inelastic proton scattering, consistent with a
strong quadrupole deformation, provided a first evidence of N =
8 shell gap quenching in 12Be [25]. Furthermore, neutron re-
moval from 12Be revealed that the last neutrons have a signif-
icant (2s1/2)2 +(1d5/2)2 configuration and that there is only of
order 30% of the (1p1/2)2 closed shell component [26]. In this
experiment we were able to measure with high statistics the
possible 12Be(2+, 1−) core excited component that decays via
gamma rays.
The experiment and the results on the spectroscopy of 13Be
are presented in Sec. 2, while their interpretation follows in
Sec. 3 after a brief description of the theoretical framework.
2. Experiment
The experiment was performed at the Radioactive Isotope
Beam Factory operated by the RIKEN Nishina Center and the
Center for Nuclear Study (CNS) of the University of Tokyo.
Secondary beams were produced and separated by the BigRIPS
fragment separator [27], using projectile fragmentation of a 48Ca
primary beam at 345 MeV/nucleon with a typical intensity of
400 particle nA on a Be target. Fragmentation products were
detected and identified by using plastic scintillators and multi-
wire drift chambers (MWDCs) positioned along the BigRIPS
line. The main components of the cocktail beams were 11Li,
14Be, and 17B (80%, 12%, and 8%, respectively) and impinged
on the secondary target with an average energy of 246, 265 and
277 MeV/nucleon, respectively. The secondary target was a
15-cm thick liquid hydrogen target surrounded by a Time Pro-
jection Chamber (TPC) of the MINOS device [28]. The TPC in
conjunction with the beam tracking MWDC detectors was act-
ing as vertex tracker, allowing to improve invariant-mass and
gamma spectroscopy resolution. The combination of the thick
MINOS target and the intense secondary beams from RIBF (∼
105 pps) was a key ingredient to obtain enough statistics for
a kinematically complete measurement. A rather complex de-
tection system (Fig. 1) was deployed to perform an exclusive
measurement. The knocked-out neutron was measured by the
WINDS array of plastic scintillators [29]. Its kinetic energy
was deduced with the time of flight technique. The recoil pro-
ton was tracked first in the TPC, then in a MWDC, and subse-
quently traversed an array of plastic scintillators allowing the
measurement of its kinetic energy via the time of flight tech-
nique. The ensemble of MWDC and plastic scintillators wall
is called the recoil proton (RP) detector hereafter. The identifi-
cation and momentum analysis of the heavy charged fragment
was achieved via the combination of tracking in the SAMURAI
[30] dipole magnet via a set of MWDC placed before and after
the magnet, and the energy loss and time of flight measurement
in an array of plastic scintillators placed at the focal plane of
SAMURAI. Their momentum could then be deduced from the
measurement of their trajectory. The dipole gap was kept un-
der vacuum using a chamber equipped with thin exit windows
[31] so as to reduce to a minimum the amount of material en-
countered by both the fragments and neutrons. The decay neu-
tron was detected in the two walls of plastic scintillators of the
NEBULA array [32]. The efficiency of the NEBULA array for
the detection of one neutron is ∼ 35% at the beam energy of
this experiment. The WINDS and recoil proton detector cov-
ered angles between 20◦ and 60◦, and 30◦ to 65◦, respectively,
allowing the selection of high-momentum-transfer events cor-
responding to quasi-free scattering [3, 33, 34]. In this process,
the dominant mechanism for the knockout reaction is a single
interaction between the incident particle and the struck nucleon
which yields a kinematics for the (p, pn) reaction very close to
the one of free scattering. The angular correlation between the
scattered neutron and the recoil proton is shown in Fig. 2 (left).
The opening angle in the laboratory frame corresponds to 85◦,
close to 86◦ as predicted using the QFS kinematics simulation
of Ref. [35]. This confirms that the high-momentum transfer
2
Figure 1: Scheme of the experimental setup.
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Figure 2: Left: angular correlation in the laboratory frame of proton and neu-
tron in 14Be(p, pn) reaction. The red line correspond to the kinematics calcu-
lated with the QFS code of Ref. [35]. Right: efficiency (red line) and resolution
(blue line) for 13Be invariant mass measurement with NEBULA and SAMU-
RAI.
(> 1 fm−1) events selected by the detection system correspond
to QFS. Invariant-mass resolution and efficiency have been de-
termined via a GEANT4 simulation [36] with the code used in
[32]. The resolution follows a FWHM=0.587
√
Er MeV law
and is shown in Fig. 2 (right). The efficiency is also shown in
Fig. 2 (right) and is estimated assuming 100% transmission of
the beam and the fragment. The transmission (including track-
ing detectors efficiency and loss of beam and fragment in the
thick MINOS target) is evaluated separately from experimental
data taking the average of the values obtained for 12Be and 14Be
beam transmission (65.0(1)% and 62.9(2)%, respectively), and
corresponds to 64(1)%.
12Be core excited states that decay via gamma emission
(2+, 1−) were identified using a reduced version of the DALI2
gamma array consisting of 68 crystals, partially covering angles
between 34◦ and 115◦ and arranged in order to avoid interfer-
ence with (p, pn) measurement. Photopeak efficiency of this re-
duced version of DALI2 (called DALI2 hereafter) was 8.9(5)%
and 7.0(4)% at 2.1 and 2.7 MeV, respectively. This experiment
was not sensitive to 12Be(0+2 ) core excited state as this state is
isomeric and its gamma-decay lifetime (1.87(15) µs) is too long
for in-flight detection [37].
The invariant mass spectrum of 13Be is shown in Fig. 3
(left). The absolute cross section is determined taking into ac-
count the efficiency for invariant mass measurement and the
fragment transmission. The error bars take into account the un-
certainty on the transmission (1%), on the neutron detection ef-
ficiency (2.5%) and the statistical uncertainty on the number of
beam and fragment particles. The spectrum is characterized by
a prominent peak with maximum at ∼ 0.48 MeV and a broader
structure, peaked at ∼ 2.3 MeV, extending from ∼1 MeV to
∼5 MeV. The contribution corresponding to 12Be(2+) and 12Be(1−)
core excited states has been fixed via coincidences with 2.1
and 2.7 MeV gamma transitions, respectively, and is shown
for comparison after correcting for gamma-detection efficiency.
The uncertainty on gamma detection efficiency (6%) has been
added to the error bars.
The gamma spectrum of 12Be is shown in Fig. 3 (right).
The 2.1(0.1) and 2.7(0.4) MeV transitions are consistent with
the known transitions deexciting the 2+ and 1− excited states of
12Be to its ground state. We note that the same gamma tran-
sitions were observed in Ref. [15], though with very limited
statistics, while [13] observed only the 2.1 MeV transition. As
can be better seen in the inset of Fig. 3 (left), the 2.1 MeV
one is observed in coincidence with a structure peaking at ∼0
and ∼3 MeV in the relative energy spectrum, as in [13]. The
2.7 MeV one is observed in coincidence with a structure at ∼3
MeV. The contribution from the Compton events associated to
the 2.7 MeV transition summing up to the 2.1 MeV transition
has been estimated via the simulation and subtracted from the
cross section.
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Figure 3: Left: relative energy spectrum of 13Be and contributions from core
excited components. The inset shows the spectrum in logarithmic scale. Right:
gamma spectrum of 12Be. The two transitions are reproduced by the sum of an
exponential background and the response functions (dashed curves) of DALI2
to a transition at 2.1 MeV and 2.7 MeV, obtained via a GEANT4 simulation.
Based on this, we built a partial level scheme presented
in Fig. 4. Only the levels that can be clearly deduced from
the present data are shown. The 2.3 MeV peak observed in
the relative energy spectrum likely corresponds to the well-
accepted 5/2+ state in 13Be, whose tail may be responsible for
the ∼0 MeV transition in coincidence with the 2+ state in 12Be
(as discussed, for instance, in Ref. [17]). This, together with
the spin-parity assignment of the lowest level at 0.48 MeV, will
be further discussed in Sec. 3, where we also analyze the infor-
mation from the corresponding transverse momentum distribu-
tions.
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Figure 4: Partial level scheme based on the observed neutron-12Be relative
energy spectrum and gamma-neutron-12Be coincidences. Transitions in the
relative energy spectrum are represented by lines (black for transitions to the
ground state of 12Be, blue and green for transitions populating 12Be(2+) and
12Be(1−), respectively). Gamma transitions are represented by the red wavy
arrows. Energies are given in MeV.
3. Theoretical analysis
3.1. Three-body calculations
In order to better understand the experimental results, we
have performed structure calculations for 14Be using a three-
body model (12Be + n + n) within the hyperspherical formal-
ism [38–40]. Details on how the wave function is built can
be found, for instance, in Ref. [41] and references therein. This
consists in diagonalizing the Hamiltonian in an analytical trans-
formed harmonic oscillator (THO) basis for three-body sys-
tems. The method has been previously applied with great suc-
cess to describe direct reactions induced by three-body projec-
tiles [22, 42–44].
Three-body calculations require, as input, the binary inter-
actions between all constituents. For the n-n potential, we em-
ploy the GPT tensor interaction [45]. This potential, although
simpler than the more sophisticated AV18 [46], CD-Bonn [47]
or Reid93 [48] interactions, reproduces NN observables up to
300 MeV, so it is suitable for three-body structure calculations.
In order to get a realistic description of 14Be, the 12Be-n inter-
actions needs to reproduce the properties of the unbound binary
subsystem 13Be. From previous fragmentation and knockout
experiments, it is mostly accepted that 13Be exhibits a low-lying
s-wave state and a d-wave resonance around 2 MeV relative
energy [10, 11, 14]. There are, however, large discrepancies
in the interpretation of the 13Be spectrum from different ex-
perimental works [13, 17], many of which are associated with
the long-debated existence of a low-lying p-wave resonance
and the contribution from excited 12Be components [15]. For
this reason, we make use of different core-neutron potentials to
study the sensitivity of the structure and reactions observables
to the properties of 13Be.
In order to include some excited-core components in the de-
scription of 14Be, we parametrize the 12Be-n interaction with a
deformed Woods-Saxon potential with l-dependent central and
spin-orbit terms. Following Ref. [49], we introduce an effec-
tive quadrupole deformation parameter of β2 = 0.8, and the 0+
ground state and the first 2+ excited state in 12Be are coupled
by means of a simple rotational model [39]. In this scheme,
no other excited states of 12Be are included. Three-body cal-
culations including also the 1− state in a consistent way are not
available. As shown in Ref. [49], despite the deformation the
s-wave interaction still gives rise to a 1/2+ virtual state in 13Be.
The potential parameters V (0,2)c and Vls are adjusted to fix the
scattering length of this virtual state and to provide a 5/2+ res-
onance just below the 2+ excitation threshold in 12Be, i.e. at
2.11 MeV [50]. Note that, in this scheme, the 5/2+ state may
decay via d5/2 neutrons to the ground state of 12Be, but also via
s1/2 to the 2+ excited state, given its finite width. For simplic-
ity, we start with a shallow V (1)c potential, so no negative-parity
resonances appear. This potential, labeled P1, produces a 1/2+
virtual state characterized by a large scattering length. Details
are given in Table 1. In addition, the calculations include a phe-
nomenological three-body force to correct the position of the 0+
ground state to the experimental two-neutron separation energy
of 14Be, i.e. S 2n = 1.27 MeV [51], which is kept fixed. Some
properties of the resulting 14Be ground state are also given in
Table 1. We remind the reader that although the energy of a
virtual state is strictly negative, it is customary to define a nom-
inal positive energy as Es = ~2/(2µa2) (with a indicating the
scattering length, see e.g. Chap. 2 of Ref. [52]) to quantify the
proximity of the virtual-state pole to the threshold.
Given the open debate about the presence of a low-lying p-wave
resonance in 13Be, we consider another potential labeled P2. In
this case, we increase the p-wave potential depth to produce
a 1/2− resonance around the maximum of the 12Be-n relative-
energy distribution, while keeping a small scattering length for
the s-wave state and the same d-wave resonance as with P1.
With the adopted parameters, the scattering length of the 1/2+
state is -9.2 fm, which corresponds to a nominal energy of 0.265
MeV. The computed energy and width of the 1/2− (5/2+) reso-
nance are 0.46 (1.96) and 0.40 (0.27) MeV. The resulting 14Be
properties are also listed in Table 1. It is worth noting that
the P2 model produces a strong mixing between different-parity
states, as shown in Table 1. This gives rise to a marked dineu-
tron character of the 14Be wave function, as opposed to potential
P1 and in accord with the discussion in Ref. [53].
In the next section, we will study the sensitivity of the (p, pn)
cross section to the structure properties of 13,14Be. For this pur-
pose, we consider variations of potential P2 in which the 1/2−
and 5/2+ resonances are placed at different energies. These
variations are labeled P3-5 and their details are also presented
in Table 1.
3.2. Reaction calculations
We have compared the present (p, pn) data with reaction
calculations based on the so-called Transfer to the Continuum
(TC) framework [54], which was recently extended to describe
processes induced by Borromean projectiles [22]. In this method,
the differential cross section for the (p, pn) reaction is obtained
from the prior-form transition amplitude leading to the three-
body continuum states for p + n+13Be. The latter are expanded
in a basis of p-n states, which are conveniently discretized using
a binning procedure akin to that employed in the continuum-
4
a E(5/2+) Γ(5/2+) E(1/2−) Γ(1/2−) s p d 2+
P1 −40.1 1.96 0.27 - - 0.59 0.13 0.26 0.34
P2 −9.2 1.96 0.27 0.46 0.40 0.19 0.62 0.18 0.22
P3 −9.2 1.53 0.28 0.46 0.40 0.20 0.53 0.25 0.25
P4 −9.2 2.10 0.19 0.46 0.40 0.17 0.68 0.13 0.19
P5 −9.2 1.96 0.27 0.62 0.60 0.24 0.53 0.22 0.24
Table 1: Scattering length a (in fm) of the 1/2+ virtual state in 13Be and energies and widths of the 5/2+ and 1/2− resonances (in MeV) using the different
core-neutron potentials P1-5. On the right, the resulting properties of the 14Be ground state: partial wave content for L = 0, 1, 2 neutrons, and weight of the 2+
core-excited components. The two-neutron separation energy in 14Be is fixed to the experimental value of 1.27 MeV [51].
discretized coupled-channels (CDCC) method [55]. Good con-
vergence of the calculated observables (within 10%) was at-
tained using a set of energy bins with a width ∆pn = 15 MeV,
a maximum p− n relative energy of pn = 210 MeV and a max-
imum angular momentum and parity jpi ≤ 3±.
The model considers a spectator/participant scenario, in which
the incident proton is assumed to remove one of the valence
neutrons without modifying the state of the remaining 13Be
(12Be + n) subsystem. This is consistent with QFS conditions.
Under this assumption, the 14Be structure enters through the
overlap functions between the initial state (the 14Be g.s.) and
the final 13Be states so that the cross section for different con-
figurations of 13Be (defined by their energy En−12Be and angular
momentum and parity JpiT ) can be computed independently.
Important ingredients are also the proton-neutron and nucleon-
13,14Be interactions. For the former, following previous applica-
tions of the method [22, 54], we adopt the Reid93 parametriza-
tion [48], which provides an accurate description of the proton-
neutron cross sections and phase-shifts up to 350 MeV. For
proton-14Be and proton/neutron-13Be interactions, which take
into account the distortion and absorption of the incoming pro-
ton and of the outgoing nucleons, we employ the optical poten-
tials computed from the Dirac phenomenological parametriza-
tion [56, 57].
The 13Be = 12Be + n relative-energy spectrum obtained by
using the P1 core-neutron potential and convoluting with the
experimental resolution from the simulation (determined as ex-
plained in Sec. 2) is shown in Fig. 5a. Note that these reac-
tion calculations provide absolute cross sections, so no fitting
or scaling is carried out. The different contributions are labeled
JT [LJ⊗ I], where JT is the total 13Be angular momentum result-
ing from coupling the single-particle configuration LJ with the
spin I of 12Be. Trivially, since the spin of 14Be is 0+, JT equals
j2 = [l2 ⊗ s2], the angular momentum of the removed nucleon.
In this figure, only the leading components are shown, together
with the total cross section. In this way, the contributions from
I = 0 and I = 2 can be separated. The cross section using P1
overestimates the experimental data at low relative energies due
to the large scattering length of the s-wave virtual state. More-
over, the maximum of the cross section around 0.5 MeV is not
reproduced. We have checked that variations of the position of
the 1/2+ virtual state do not improve the agreement.
The results using the P2 potential are shown in Fig. 5b.
Again, for clarity only the leading terms are presented. Notice
that, although the width of the 5/2+ state in the present model
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Figure 5: 13Be relative-energy spectrum using the (a) P1 and (b) P2 poten-
tials. Results are shown after convoluting the theoretical lineshapes with the
experimental resolution function. The inset shows the relative energy spectrum
measured in coincidence with the 12Be(2+) decay transition, compared to the
calculated core-excited component. See text for details.
is smaller than that of the 1/2− (see Table 1), its contribution
to the relative-energy spectrum becomes broader due to the en-
ergy resolution. Note also that the contribution of the 2+ state
is small in spite of the significant core-excited component in
these models. This is because the nominal energy of the 5/2+
state, which collects most of the core-excitation weight in the
14Be wave function, lays below the 12Be(2+) excitation thresh-
old. The small 5/2+[s1/2 ⊗ 2+] contribution is consistent with
the analysis from gamma coincidences. The comparison be-
tween this component and the experimental data in coincidence
with the 12Be(2+) decay transition is presented in the inset of
Fig. 5b, where we can see that the calculations describe the
data at low energies quite well. The disagreement at energies
above ∼ 1.5 MeV might indicate that the present three-body
calculations are missing some high-lying state which can also
decay via 12Be(2+), as suggested in Fig. 4. As for the full spec-
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trum, Fig. 5b shows that the low-energy peak can be described
reasonably well by the 1/2− resonance using the P2 potential.
The theoretical distribution is somewhat broader than the ex-
perimental data, so the calculation overestimates the measure-
ments between ∼0.6-1 MeV. This might be an indication that
the p-wave content obtained with the P2 potential is perhaps
too large. In addition to the underestimation at large relative en-
ergies, this suggests that there might be missing components in
the wave-function expansion, in particular those coming from
the decay of other states in 13Be via 12Be(2+), or the coupling to
other excited states of 12Be. Calculations including these fea-
tures are not available yet.
To test the sensitivity of the relative-energy spectrum to the
specific features included in the potential, in Fig. 6 we compare
the P2 calculations with three additional models. As shown in
Table 1, P3 and P4 are obtained by placing the 5/2+ resonance
of 13Be at lower or higher energies, respectively, while P5 in-
volves a variation on the position of the 1/2− state. Note that a
difference in the position of the relevant levels changes also the
weight of the different components in the ground state of 14Be.
It is shown that the best agreement up to 2 MeV relative energy
is achieved using the potential P2.
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Figure 6: Results for the 13Be relative-energy spectrum with potentials P2-5.
Only the total calculations are presented.
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Figure 7: Experimental transverse momentum distributions at 0-0.2, 0.4-0.5 and
1.8-2.2 MeV relative energy with P2 potential. The solid black line is the total
TC result, convoluted with the experimental resolution and globally rescaled
through a χ2 fit. Dashed lines are the contributions corresponding to removal
of a neutron from a s- (red), p- (blue) or d-wave (green).
The 13Be structure can be further studied from the trans-
verse momentum distributions of the knocked-out neutron. The
comparison between the present calculations, using potential
P2, and the experimental momentum distributions is presented
in Fig. 7, for three different relative-energy bins: 0-0.2, 0.4-
0.5 and 1.8-2.2 MeV. Calculations have been convoluted with
the experimental resolution of ∼ 39 MeV/c (FWHM) obtained
from the direct beam measurement. The contribution from mo-
mentum resolution of the neutron was checked via the simu-
lation and found to be negligible. The overall normalization
of the total theoretical distribution with respect to the data has
been adjusted to obtain the best χ2 fit. Individual contributions
from the different orbital angular momenta of the knocked-out
neutron are also presented. The relative weights of these contri-
butions are fixed by the structure and reaction calculations and
not via χ2 fit. Note that, due to the non-zero spin of the 12Be
core in its excited components, the orbital angular momentum
l2 of the removed neutron is not necessarily the same as the
one of the valence neutron in 13Be. Overall, it is found that
the width of the momentum distributions is well reproduced. In
particular, we can describe the data at 0.4-0.5 MeV with a dom-
inant p-wave contribution. In Ref. [17], an s-wave resonance
(or a combination of two overlapping s-wave resonances) was
proposed to explain the peak in the 13Be spectrum.
To test the assumption of the s-wave resonance suggested in
Ref. [17], in the top panel of Fig. 8 we have performed a χ2 fit
of the momentum distribution for the 0.4-0.5 energy bin retain-
ing only the s-wave contribution in our calculations with the P2
potential. In this case, the resulting width is clearly too small. A
similar conclusion is achieved if the analysis is performed over
the data from Ref. [17], which is shown in the bottom panel.
In this latter case, our full calculation with a dominant p-wave
component reproduces very well the experimental momentum
distribution, whereas the pure s-wave assumption gives again a
too narrow distribution. Our analysis shows that the peak ob-
served in the 13Be relative-energy spectrum at Er ∼ 0.5 MeV,
populated in the 14Be(p, pn) reaction, is most likely dominated
by the p-wave contribution. This assignment is in disagreement
with that of Ref. [17]. We believe this discrepancy can be un-
derstood as due to the inherent uncertainties in the χ2 procedure
used in Ref. [17] to assign the orbital momentum, as well as the
differences in structure and reaction model.
4. Conclusions
We have presented a high statistics measurement of the spec-
troscopy of 13Be via invariant mass, including the measure-
ment of 12Be core excited states which decay via gamma rays.
We clearly observed for the first time the contribution of both
12Be(2+, 1−) states in 13Be populated via (p, pn) reaction. Their
contribution to the 13Be relative-energy spectrum is small. A
still missing information is the contribution of the isomeric 12Be(0+2 )
core-excited state, that will demand a dedicated measurement.
A key and novel aspect of our analysis consists in calculating,
for the first time, the relative energy cross section and momen-
tum distribution using a well-founded reaction framework and
a realistic three-body model of 14Be that incorporates 12Be(2+)
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Figure 8: Transverse momentum distribution at 0.4-0.5 MeV relative energy.
The top and bottom panels are for the present experiment and from the GSI data
at 304 MeV/nucleon with resolution ∼72 MeV/c (FWHM) [17], respectively.
The black solid line is the total P2 result, while the red dashed line corresponds
to a χ2 fit assuming a pure s-wave distribution.
excitations, thus avoiding the common procedure of extracting
individual angular momentum components from a fit, a tech-
nique that becomes more ambiguous in the case of complex
spectra with overlapping structures as the one of 13Be. This
analysis permitted to pin down the dominant ` = 1 contribu-
tion of the resonant peak observed in the low-lying spectrum,
in agreement with [13, 15] and at variance with the conclusions
of Refs. [16, 17], which assigned a dominant ` = 0 to this peak.
Additional observables, such as the distribution of the open-
ing angle between the momenta of 13Be and the removed neu-
tron in the final state, may help to shed light on the structure of
14Be and hence 13Be. The interpretation of such observables,
as extracted from the present experiment, will be the subject of
an upcoming publication. An improvement of the three-body
model, e.g. the inclusion of other 12Be excited state, proper an-
tisymmetrization of valence neutrons and a better treatment of
Pauli principle, will increase the capability of theory to capture
the features of the experimental spectrum.
Acknowledgements
This work has been supported by the European Research
Council through the ERC Starting Grant No. MINOS-258567.
A.C. acknowledges Y. Kikuchi and K. Ogata for fruitful discus-
sions, and N.Paul for careful proofreading. M.G.R., A.M.M.
and J.C. are partially supported by the Spanish Ministerio de
Ciencia, Innovacio´n y Universidades and FEDER funds (projects
FIS2014-53448-C2-1-P and FIS2017-88410-P) and by the Eu-
ropean Union’s Horizon 2020 research and innovation program
under grant agreement No. 654002. J.G., F.M.M. and N.A.O.
acknowledge partial support from the Franco-Japanese LIA-
International Associated Laboratory for Nuclear Structure Prob-
lems as well as the French ANR14-CE33-0022-02 EXPAND.
References
References
[1] H. Sagawa, K. Hagino, Theoretical models for exotic nuclei, The Eu-
ropean Physical Journal A 51 (8) (2015) 102. doi:10.1140/epja/
i2015-15102-4.
[2] T. Nakamura, et al., Phys. Rev. Lett. 96 (2006) 252502. doi:10.1103/
PhysRevLett.96.252502.
[3] T. Aumann, C. A. Bertulani, J. Ryckebusch, Phys. Rev. C 88 (2013) 1.
doi:10.1103/PhysRevC.88.064610.
[4] K. Hagino, H. Sagawa, Few-Body Systems 57 (2016) 185. doi:10.
1007/s00601-015-1027-3.
[5] Y. Kikuchi, K. Ogata, Y. Kubota, M. Sasano, T. Uesaka, Progr. Theor.
Exp. Phys. 2016 (2016) 103D03. doi:10.1093/ptep/ptw148.
[6] A. M. Poskanzer, S. W. Cosper, E. K. Hyde, J. Cerny, Phys. Rev. Lett. 17
(1966) 1271. doi:10.1103/PhysRevLett.17.1271.
[7] A. G. Artukh, et al., Phys. Lett. B 33 (1970) 407. doi:10.1016/
0370-2693(70)90616-7.
[8] J. D. Bowman, A. M. Poskanzer, R. G. Korteling, G. W. Butler, Phys.
Rev. Lett. 31 (1973) 614. doi:10.1103/PhysRevLett.31.614.
[9] B. R. Marks, et al., Phys. Rev. C 92 (2015) 054320. doi:10.1103/
PhysRevC.92.054320.
[10] M. Thoennessen, S. Yokoyama, P. G. Hansen, Phys. Rev. C 63 (2000)
014308. doi:10.1103/PhysRevC.63.014308.
[11] J. L. Lecouey, Few-Body Systems 34 (2004) 21. doi:10.1007/
s00601-004-0029-3.
[12] G. Randisi, et al., Phys. Rev. C 89 (2014) 034320. doi:10.1103/
PhysRevC.89.034320.
[13] G. Ribeiro, et al., Phys. Rev. C 98 (2018) 024603. doi:10.1103/
PhysRevC.98.024603.
[14] H. Simon, et al., Nucl. Phys. A 791 (2007) 267. doi:10.1016/j.
nuclphysa.2007.04.021.
[15] Y. Kondo, et al., Phys. Lett. B 690 (2010) 245. doi:10.1016/j.
physletb.2010.05.031.
[16] Y. Aksyutina, et al., Phys. Lett. B 718 (2013) 1309. doi:10.1016/j.
physletb.2012.12.028.
[17] Y. Aksyutina, et al., Phys. Rev. C 87 (2013) 064316. doi:10.1103/
PhysRevC.87.064316.
[18] A. Korsheninnikov, et al., Phys. Lett. B 343 (1995) 53. doi:10.1016/
0370-2693(94)01435-F.
[19] A. Belozyorov, et al., Nucl. Phys. A 636 (1998) 419. doi:10.1016/
S0375-9474(98)00217-6.
[20] T. Nakamura, H. Sakurai, H. Watanabe, Prog. Part. Nucl. Phys. 97 (2017)
53. doi:10.1016/j.ppnp.2017.05.001.
[21] G. Blanchon, A. Bonaccorso, D. Brink, A. Garcı´a-Camacho, N. V. Mau,
Nucl. Phys. A 784 (2007) 49. doi:10.1016/j.nuclphysa.2006.11.
033.
[22] M. Go´mez-Ramos, J. Casal, A. M. Moro, Phys. Lett. B 772 (2017) 115.
doi:10.1016/j.physletb.2017.06.023.
[23] I. Tanihata, et al., Phys. Rev. Lett. 100 (2008) 1. doi:10.1103/
PhysRevLett.100.192502.
[24] G. Potel, F. Barranco, E. Vigezzi, R. A. Broglia, Phys. Rev. Lett. 105
(2010) 9. doi:10.1103/PhysRevLett.105.172502.
[25] H. Iwasaki, et al., Phys. Lett. B 491 (2000) 8. doi:10.1016/
S0370-2693(00)01017-0.
[26] S. D. Pain, et al., Phys. Rev. Lett. 96 (2006) 032502. doi:10.1103/
PhysRevLett.96.032502.
[27] N. Fukuda, T. Kubo, T. Ohnishi, N. Inabe, H. Takeda, D. Kameda,
H. Suzuki, Nucl. Instr. Meth. B 317 (2013) 323 – 332. doi:https:
//doi.org/10.1016/j.nimb.2013.08.048.
[28] A. Obertelli, et al., Eur. Phys. J. A 50 (2014) 8. doi:10.1140/epja/
i2014-14008-y.
[29] K. Yako, et al., RIKEN Accel. Prog. Rep. 45 (2012) 137.
7
[30] T. Kobayashi, et al., Nucl. Instrum. Methods Phys. Res. B 317 (2013)
294. doi:10.1016/j.nimb.2013.05.089.
[31] Y. Shimizu, et al., Nucl. Instr. Meth. B 317 (2013) 739. doi:10.1016/
j.nimb.2013.08.051.
[32] T. Nakamura, Y. Kondo, Nucl. Instrum. Methods Phys. Res. B 376 (2016)
156. doi:10.1016/j.nimb.2016.01.003.
[33] G. Jacob, T. A. J. Maris, Rev. Mod. Phys. 38 (1966) 121. doi:10.1103/
RevModPhys.38.121.
[34] G. Jacob, T. A. J. Maris, Rev. Mod. Phys. 45 (1973) 6. doi:10.1103/
RevModPhys.45.6.
[35] V. Panin, et al., Phys. Lett. B 753 (2016) 204. doi:10.1016/j.
physletb.2015.11.082.
[36] S. Agostinelli, et al., Geant4: a simulation toolkit, Nucl. Instr.
Meth. A 506 (3) (2003) 250. doi:https://doi.org/10.1016/
S0168-9002(03)01368-8.
[37] S.Shimoura, et al., Phys. Lett. B 654 (2007) 87. doi:10.1016/j.
physletb.2007.08.053.
[38] P. Descouvemont, C. Daniel, D. Baye, Phys. Rev. C 67 (2003) 044309.
doi:10.1103/PhysRevC.67.044309.
[39] I. Thompson, F. Nunes, B. Danilin, Comput. Phys. Commun. 161 (2004)
87. doi:10.1016/j.cpc.2004.03.007.
[40] M. Rodrı´guez-Gallardo, J. M. Arias, J. Go´mez-Camacho, A. M. Moro,
I. J. Thompson, J. A. Tostevin, Phys. Rev. C 72 (2005) 024007. doi:
10.1103/PhysRevC.72.024007.
[41] J. Casal, E. Garrido, R. de Diego, J. M. Arias, M. Rodrı´guez-Gallardo,
Phys. Rev. C 94 (2016) 054622. doi:10.1103/PhysRevC.94.054622.
[42] J. Casal, M. Rodrı´guez-Gallardo, J. M. Arias, Phys. Rev. C 92 (2015)
054611. doi:10.1103/PhysRevC.92.054611.
[43] J. Casal, M. Go´mez-Ramos, A. M. Moro, Phys. Lett. B 767 (2017) 307.
doi:10.1016/j.physletb.2017.02.017.
[44] A. Arazi, et al., Phys. Rev. C 97 (2018) 044609. doi:10.1103/
PhysRevC.97.044609.
[45] D. Gogny, P. Pires, R. D. Tourreil, Phys. Lett. B 32 (1970) 591. doi:
10.1016/0370-2693(70)90552-6.
[46] R. B. Wiringa, V. G. J. Stoks, R. Schiavilla, Phys. Rev. C 51 (1995) 38.
doi:10.1103/PhysRevC.51.38.
[47] R. Machleidt, Phys. Rev. C 63 (2001) 024001. doi:10.1103/
PhysRevC.63.024001.
[48] V. G. J. Stoks, R. A. M. Klomp, C. P. F. Terheggen, J. J. de Swart, Phys.
Rev. C 49 (1994) 2950. doi:10.1103/PhysRevC.49.2950.
[49] T. Tarutina, I. Thompson, J. Tostevin, Nucl. Phys. A 733 (2004) 53. doi:
10.1016/j.nuclphysa.2003.12.003.
[50] J. H. Kelley, J. E. Purcell, C. G. Sheu, Nucl. Phys. A 968 (2017) 71.
doi:10.1016/j.nuclphysa.2017.07.015.
[51] M. Wang, G. Audi, F. G. Kondev, W. Huang, S. Naimi, X. Xu, Chin. Phys.
C 41 (2017) 030003. doi:10.1088/1674-1137/41/3/030003.
[52] J. M. Blatt, V. F. Weisskopf, Two-Body Problems at Low En-
ergies, Springer New York, New York, 1979. doi:10.1007/
978-1-4612-9959-2_2.
[53] F. Catara, A. Insolia, E. Maglione, A. Vitturi, Phys. Rev. C 29 (1984)
1091. doi:10.1103/PhysRevC.29.1091.
[54] A. M. Moro, Phys. Rev. C 92 (2015) 044605. doi:10.1103/PhysRevC.
92.044605.
[55] N. Austern, Y. Iseri, M. Kamimura, M. Kawai, G. Rawitscher, M. Yahiro,
Phys. Rep. 154 (1987) 125. doi:10.1016/0370-1573(87)90094-9.
[56] S. Hama, B. C. Clark, E. D. Cooper, H. S. Sherif, R. L. Mercer, Phys.
Rev. C 41 (1990) 2737. doi:10.1103/PhysRevC.41.2737.
[57] E. D. Cooper, S. Hama, B. C. Clark, R. L. Mercer, Phys. Rev. C 47 (1993)
297. doi:10.1103/PhysRevC.47.297.
8
